Background {#Sec1}
==========

Gastric cancer (GC) continues to be a major global health problem and is the third most frequent cause of cancer-related death, according to the Global cancer statistics 2012 findings \[[@CR1]\]. Particularly in East Asia, it accounts for nearly more than half of the world's GC burden \[[@CR2]\]. The incidence of GC is relatively high, largely because of the popularity of endoscopic applications \[[@CR3]\]. Although great progress has been made in the diagnosis and treatment of GC with the use of surgical techniques and/or adjuvant chemotherapy, the prognosis of affected patients remains relatively poor, as more than 80% of them are diagnosed at an advanced stage \[[@CR4]--[@CR6]\]. Therefore, it is essential to discover novel potential biomarkers for the early diagnosis of GC.

The lncRNAs, a class of non-coding RNA transcripts longer than 200 nucleotides (nt) in length, with limited protein-coding capacity \[[@CR7]\], have shown potential as biomarkers in the diagnosis and prognosis of cancer patients. This is because of their high specificity and sensitivity in serum, tissues, saliva, and urine \[[@CR8]\]. According to the latest version of LNCipedia, more than 60,000 members of the lncRNA family have been cataloged \[[@CR9], [@CR10]\]. Evidence indicates that lncRNAs act either as negative or positive regulators of target gene expression, and their activity is directed either to target transcripts originating on other loci (trans-acting) or those originating from the same locus as the lncRNA itself (cis-acting) \[[@CR11]--[@CR13]\]. Accumulating data show that lncRNAs exert effects on a variety of biological processes, such as chromatin remodeling, cell differentiation, and carcinogenesis \[[@CR14]\]. In addition, the dysregulation of lncRNAs is related to tumor proliferation, invasion, and metastasis of various types of cancer \[[@CR15]--[@CR18]\]. For example, MALAT1 predicts poor survival of cancer patients and accelerates cell invasion and metastasis by regulating miRNAs, key signaling pathways, and angiogenesis \[[@CR19]--[@CR21]\]. Recent studies show that the lncRNA small nucleolar RNA host gene 12 (SNHG12) facilitates tumorigenesis and metastasis by sponging miR-199a/b in hepatocellular carcinoma \[[@CR22]\]. LncRNA SPRY4-IT1 encourages growth and metastasis of bladder cancer by sponging miR-101 \[[@CR23]\], and lncRNAHOXA-AS2 induces cell proliferation and epithelial-mesenchymal transition (EMT) in gallbladder carcinoma \[[@CR24]\]. Moreover, related studies about lncRNAs and GC demonstrate that multiple lncRNAs, such as HOXA11-AS, LINC00673, and XIST promote the progression of GC via regulation of β-catenin, LSD1, and miR-101 \[[@CR23], [@CR25], [@CR26]\]; whereas, linc00261 inhibits its progression via Slug degradation \[[@CR27]\], indicating that lncRNAs may act as potential biomarkers and therapeutic targets for GC.

In the present study, we identified the lncRNAAK023391 that was differentially expressed between GC and adjacent normal tissues, and evaluated the association between AK023391 expression and GC. We found that the expression of lncRNA AK023391 was increased in GC samples and cell lines in comparison to adjacent normal tissues, and was correlated with poor survival in patients with GC. Furthermore, functional in vitro and in vivo experiments, a cancer pathway array, western blotting, and immunochemistry (IHC) analyses showed that lncRNA AK023391 promoted tumorigenesis and the invasion of GC cells via activation of the PI3K/Akt signaling pathway.

Methods {#Sec2}
=======

Clinical data and cell culture {#Sec3}
------------------------------

The human GC tissue microarray was purchased from Shanghai Outdo Biotech (Sample NO. HStm-Ade180Sur-07, Shanghai, P.R. China), and included 77 cases of patients with GC and pair-matched normal tissues. The protocols used in our study were approved by the Ethics Committee of Shanghai Jiao Tong University Affiliated Sixth People's Hospital. The GC specimens were classified according to the 2004 WHO criteria and the TNM staging system, and the clinicopathological characteristics of patients with GC from the tissue microarray are presented in Additional file [1](#MOESM1){ref-type="media"}: Table S1. Human GC cell lines (HGC-27, AGS, SGC-7901, BGC-823, and MGC-803) and gastric epithelial cells-1 (GES-1) were stored at the Digestive Disease Laboratory of Shanghai Sixth People's Hospital. The cells were cultured in a humidified incubator with 5% CO~2~ at 37 °C in RPMI-1640 medium or Dulbecco's modified Eagle's medium (DMEM; KeyGen Biotech Co. Ltd) containing 10% fetal bovine serum (10% FBS).

LncRNA microarray analysis {#Sec4}
--------------------------

Total RNA from GC (*n* = 5) and adjacent normal tissues (*n* = 5) was quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific), and RNA integrity was assessed using standard denaturing agarose gel electrophoresis. For microarray analysis, the Agilent array platform was employed. Sample preparation and microarray hybridization were performed according to the manufacturer's standard protocols, with minor modifications. Briefly, mRNA was purified from total RNA after removal of rRNA (mRNA-ONLY™ Eukaryotic mRNA Isolation Kit, Epicentre). Each sample was then amplified and transcribed into fluorescent cRNA along the entire length of the transcripts without 3′ bias utilizing a random priming method. The labeled cRNAs were hybridized onto the Human LncRNA Array v2.0 (8 × 60 K, Arraystar). After having washed the slides, the arrays were scanned by the Agilent Scanner G2505C.

RNA fluorescence in situ hybridization (FISH) {#Sec5}
---------------------------------------------

Oligonucleotide primers (F:5′-AGTTGGGTGTGCCATCACTGAGAGA-3′, R: 5′-ATTTGCTCATACTGCCCTG-3′) were used for lncRNA AK023391 FISH probe amplification. First, the probe of AK023391 was labeled with digoxigenin (DIG) (Roche, 11,209,256,910) by in vitro transcription. The DIG-modified probe was then used to detect gene expression. The cell suspension was pipetted onto autoclaved glass slides, and the cells were washed with phosphate-buffered saline (PBS) and fixed in 4% paraformaldehyde. After dehydration with ethanol, hybridization was carried out at 37 °C overnight in a dark, moist chamber. After hybridization, slides were washed three times in 60 mL 50% formamide/2× SSC (sodium saline citrate) for 5 min, and were incubated with anti-DIG-HRP (Perkin Elmer, NEF832001EA) at 4 °C overnight. After being washed for 10 min at 25 °C, the slides were incubated with tyramide signal amplification (TSA) fluorescent signal reaction solution (Perkin Elmer, NEL701001KT, TSA Fluorescein system) for 30 min and sealed with tablets containing 4′,6-diamidino-2-phenylindole (DAPI). The images were acquired using a fluorescence microscope (Leica, SP8 laser confocal microscope).

Vector construction and cell transfection {#Sec6}
-----------------------------------------

Lentivirus-mediated lncRNA AK023391 siRNA (si-AK023391) or pEX-3-AK023391 (AK023391) was designed and produced by GeneChem Co. Ltd. (Shanghai, PR, China) and GenePharma Co. Ltd. (Shanghai, PR, China), respectively, and transfected into the GC cell lines with either high or low expression of AK023391. The following short hairpin RNA (shRNA) was used to target AK023391: AGGCACAACATATCTGTGT TA). The sequence of the negative control shRNA was TTCTCCGAACGTGTCAC GT. Cells were incubated with 5% CO~2~ at 37 °C. The medium was refreshed, and cell culture continued for another 96 h. Cells were observed under a fluorescence microscope and quantitative real-time PCR (qRT-PCR) analysis was used to evaluate the transfection efficiency of si-AK023391 or AK023391 in GC cells.

The qRT-PCR analysis {#Sec7}
--------------------

Total RNA was isolated from GC cell lines using the Trizol reagent (Invitrogen, USA), according to the manufacturer's instructions. Complementary DNA (cDNA) was produced by RNA using the PrimeScript™ Reverse Transcription Kit (TakaRa, Japan) in an ABI 7500 System (Applied Biosystems, Thermo Fisher Scientific). The primers specific for lncRNAs were designed and synthesized by Shanghai Sangon Biotech (Shanghai, P.R. China). The following procedures were performed: activation of enzymes at 95 °C for 5 min, 45 cycles of denaturation at 95 °C for 20 s, annealing at 60 °C for 30 s, and extension at 72 °C for 20 s. The relative expression levels of the lncRNAs were calculated using the 2^-ΔΔCT^ method. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or 18S rRNA was used as the internal control. All qPCR reactions were performed in duplicate. The primers used in the present study are listed in Additional file [2](#MOESM2){ref-type="media"}: Table S2.

Cell viability assay {#Sec8}
--------------------

The GC cells (2 **×** 10^3^/well) were seeded in 96-well plates at 37 °C with 5% CO~2~. After transfection with si-AK023391 or AK023391 for 24, 48, 72, and 96 h, CCK-8 solution (10 μL) was added to each well, after which cells were incubated for 2 h. The optical densities at 492 nm were measured using a microplate reader (Molecular Devices Sunnyvale, CA, USA).

The 5-ethynyl-2′-deoxyuridine incorporation assay {#Sec9}
-------------------------------------------------

Based on the protocol outlined in the manual of the5-ethynyl-2-deoxyuridine (EdU) labeling/detection kit (RiboBio, Guangzhou, PR, China), 50 μM of EdU labeling medium was added to the cell culture that was incubated for 2 h at 37 °C with 5% CO~2~. The cells were then fixed with 4% paraformaldehyde (pH 7.4) for 30 min and incubated with glycine for 5 min. After being washed with PBS, cells were stained with anti-EdU working solution at room temperature for 30 min. They were then washed with 0.5% Triton X-100 in PBS, and incubated with Hoechst33342 (5 μg/mL) at room temperature for 30 min. Cells were then observed using fluorescent microscopy. The percentage of EdU-positive cells was calculated from five random fields in three wells.

Wound-healing assay {#Sec10}
-------------------

Cells were seeded with a density of 1 × 10^6^/well into 6-well plates and cultured to 90% confluence. Cell layers were scratched using a sterile 100 μL pipette tip to form wounded gaps. The plates were gently washed with PBS and cultured for 36 h. The wound gaps were photographed at the indicated time points.

Invasion and migration assay {#Sec11}
----------------------------

The invasive potential of GC cells was measured using Matrigel (BD, Franklin Lakes, NJ, USA) and Transwell inserts (8.0 μm, Costar, Manassas, VA, USA) containing polycarbonate filters with 8-μm pores. The inserts were coated with 50 μL of 1 mg/mL Matrigel matrix, according to the manufacturer's recommendations. Cells (8 × 10^4^) in 200 μL of serum-free medium were plated in the upper chamber, whereas 700 μL of medium with 10% fetal bovine serum were added to the lower chamber. The migration assay was similar to the Matrigel invasion assay, except that the Transwell insert was not coated with Matrigel. After incubation for 24 h at 37 °C with 5% CO~2~, cells that did not penetrate the membrane were removed with a cotton swab, whereas the migrated or invading cells were fixed with 0.1% crystal violet.

Colony formation assay {#Sec12}
----------------------

Briefly, GC cells (2 × 10^3^) were plated into six-well plates and cultured for 15 days. Colonies were then fixed for 20 min with 10% formaldehyde and stained with 0.1% crystal violet for 10 min. The number of colonies containing ≥ 50 cells was counted under a microscope. Experiments were performed three times.

Apoptosis and cell cycle analysis {#Sec13}
---------------------------------

Apoptosis and cell cycle distribution were performed as previously described \[[@CR28]\].

Pathway microarray analysis {#Sec14}
---------------------------

To obtain unbiased findings on the lncRNAAK023391-associated signaling pathway, we assessed the differentially expressed genes, using the cancer pathway microarray (Agilent) in negative control (NC) and si-AK023391-transfected AGS cells. After transfection for 48 h, the differential expression profiles of AK023391-related pathway genes were analyzed, using the Agilent One-Color Microarray-Based Gene by KangChen (Shanghai, P.R. China). The Agilent Feature Extraction software (version 11.0.1.1) was used to analyze the acquired array images. Differentially expressed genes with statistical significance between the two groups were identified by volcano plot and fold change filtering. Hierarchical clustering was performed using R scripts, and Gene Ontology (GO) and pathway analyses were performed using the standard enrichment computation method.

Western blot analysis {#Sec15}
---------------------

Total protein lysates were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to a 0.22 μm polyvinylidene difluoride membrane (Millipore, Billerica, MA). They were then incubated with specific antibodies according to the manufacturer's protocol. The GAPDH antibody was used as the control. The primary antibodies were as follows: FOXO3a (Abways, CY5079, Shanghai, P.R. China); p-FOXO3a (Abways, CY5562, Shanghai, P.R. China); PI3K (Abways, CY5355, Shanghai, P.R. China); p-PI3K (Abways, CY6427, Shanghai, P.R. China); GAPDH (Abways, AB0037, Shanghai, P.R. China); AKT (Affinity Biosciences, AF6261, USA); p-AKT (Affinity Biosciences, AF016, USA); NF-κB (Affinity Biosciences, AF5006, USA); p-NF-κB (Affinity Biosciences, AF2006, USA); BCL-6 (Affinity Biosciences, DF2903, USA); c-Myb (Affinity Biosciences, AF6136, USA); p53 (Affinity Biosciences, AF0879, USA); cylinG2 (Affinity Biosciences, DF2284, USA); cyclin B1 (Affinity Biosciences, AF6188, USA).

In vivo tumorigenesis assay {#Sec16}
---------------------------

Male nude mice (6 weeks old) were purchased from Shanghai SIPPR-BK Laboratory Animal Co. Ltd. (Shanghai, P.R. China) and maintained in microisolator cages. All animals were used in accordance with institutional guidelines, and the current experiments were approved by the Use Committee for Animal Care. Each mouse was subcutaneously inoculated with 5 × 10^6^ of SGC-7901 cells that had been resuspended in PBS with 50% Matrigel. The tumors observed in mice were measured every 3 days and the tumor volume was calculated according to the formula: length × width^2^/2.

Immunohistochemistry (IHC) analysis {#Sec17}
-----------------------------------

The GC tissues were immune-stained for Ki-67, p-NF-κB, p-Akt, p-PI3K, and p-FOXO3a, as previously described \[[@CR28]\].

Statistical analysis {#Sec18}
--------------------

All quantitative data were expressed as mean ± SD. The Student's *t*-test was used to compare quantitative variables. The Chi-squared test and Fisher's exact test were used to compare categorical variables. The overall survival (OS) curve was analyzed by the Kaplan--Meier method and log-rank test. Univariate analysis and multivariate models were applied, using a Cox proportional hazards regression model. Receiver operating characteristic (ROC) curves were obtained using the Cutoff Finder online software (<http://molpath.charite>. de/cutoff/load.jsp). Statistical analysis and graph presentation were achieved, using the SPSS v.18.0 software (SPSS Inc., Chicago, IL, USA) and GraphPad Prism 5 Software (GraphPad, San Diego, CA, USA). A value of *P* \< 0.05 was considered statistically significant.

Results {#Sec19}
=======

Upregulation of lncRNA AK023391 in GC tissues {#Sec20}
---------------------------------------------

To identify the unique genes involved in GC progression, the lncRNA microarray analysis was performed using total RNA isolated from five GC samples and five adjacent normal tissues. Based on a fold change \> 2.0 and *P*-value \< 0.05, about 1894 upregulated lncRNAs and 167 downregulated lncRNAs were identified, in comparison to the adjacent normal tissues (Fig. [1a](#Fig1){ref-type="fig"}). Furthermore, based on a fold change \> 2.0 and *P*-value \< 0.02, the most obvious changes in 20 upregulated lncRNAs and four downregulated lncRNAs were screened for cluster analysis. Among those screened, uc003yqp.1 (also referred to as lncRNA AK023391) had the most pronounced difference between GC and adjacent normal tissue, and was thus selected for further study (Fig. [1b](#Fig1){ref-type="fig"}). The expression levels of the 24 lncRNAs were further validated in GC tissues by qRT-PCR analysis. Among those lncRNAs, AK023391 showed the highest expression level (Fig. [1c](#Fig1){ref-type="fig"}). In addition, the increased expression of lncRNA AK023391 in GC tissues was verified by microarray expression profiling and qRT-PCR analysis (Fig. [1d](#Fig1){ref-type="fig"}).Fig. 1Expression of LncRNA AK023391 was upregulated in gastric cancer (GC). **a** LncRNA microarray analyses of five GC tissue samples and five corresponding adjacent normal tissues were performed. **b** LncRNA microarray identification of AK023391 and the most obvious changes in 20 upregulated lncRNAs and four downregulated lncRNAs. **c** qRT-PCR verification of the expression levels of 20 upregulated lncRNAs in GC tissues. **d** LncRNA expression profile and qRT-PCR analysis of the expression of AK023391 in GC tissues and adjacent normal tissues. T: tumor tissue; N: normal tissue

Expression of lncRNA AK023391 is associated with poor survival in patients with GC {#Sec21}
----------------------------------------------------------------------------------

To confirm the aforementioned results, the expression of lncRNAAK023391 was further determined in another 77 cases of patients with GC and pair-matched normal tissues by FISH analysis. The results demonstrated that AK023391 expression was upregulated in GC and was mainly localized in the cytoplasm of the tissue cells (Fig. [2a](#Fig2){ref-type="fig"}). The expression of AK023391 was examined in different GC cell lines by qRT-PCR analysis. The results showed significantly increased expression of AK023391 in GC cell lines in comparison to GES-1, especially in SGC-7901, AGS, and HGC-27 cell lines (Fig. [2b](#Fig2){ref-type="fig"}).Fig. 2Expression of lncRNA AK023391 was associated with poor survival in patients with gastric cancer (GC). **a** Fluorescence in situ hybridization(FISH) analysis of the expression and cellular localization of lncRNA AK023391 in 77 patients with GC and pair-matched normal tissues. **b** qRT-PCR analysis of AK023391 expression in different GC cell lines and GES-1. **c** Receiver operating characteristic (ROC) curve analysis of the cutoff value, sensitivity, specificity and area under the curve (AUC) of AK023391 in patients with GC. **d** Kaplan--Meier analysis of the correlation of AK023391 expression with survival in patients with GC, as well as early stage patients. \**P* \< 0.05, \*\**P* \< 0.01

We investigated whether the expression of AK023391 was associated with clinical and pathological features, and the prognosis of patients with GC. Thus, as shown in Fig. [2c](#Fig2){ref-type="fig"}, based on the cutoff value of AK023391 (that was calculated by its expression level, OS time, and survival status in GC tissues), we classified the patients with GC into two groups: AK023391 high expression and AK023391 low expression. Further analysis showed that the AK023391 high expression group showed no correlation with age, gender, tumor size, pathological stage, TNM stage, or lymphatic invasion (each *P* \> 0.05, Additional file [3](#MOESM3){ref-type="media"}: Table S3). Kaplan--Meier and Cox regression analyses were used to assess the association between AK023391 expression and OS of patients with GC. The results indicated that patients in the AK023391 high expression group showed a shorter OS time in comparison to those in the AK023391 low expression group, as well as those with early stage GC (stage I + II) (Fig. [2d](#Fig2){ref-type="fig"}), as opposed to those patients with late stage GC (stage III + IV) (Additional file [4](#MOESM4){ref-type="media"}: Figure S1). Multivariate analysis revealed that AK023391 expression, as well as the N stage were independent prognostic factors for OS in patients with GC (Additional file [5](#MOESM5){ref-type="media"}: Table S4).

Knockdown of AK023391 inhibits the proliferation, colony formation, and DNA synthesis of GC cells {#Sec22}
-------------------------------------------------------------------------------------------------

To determine whether lncRNAAK023391 affects GC cell proliferation, we transfected HGC-27, AGS, and SGC-7901 cell lines with si-AK023391 or NC. Cell proliferation, colony formation capacity, and DNA synthesis were determined by CCK-8, colony formation, and EdU assays, respectively. Knockdown efficiency of AK023391 was confirmed by qRT-PCR analysis. This analysis indicated that AK023391 expression in si-AK023391-transfected HGC-27, AGS, and SGC-7901 cells was substantially reduced by more than 50% (*P* \< 0.01, Fig. [3a](#Fig3){ref-type="fig"}). Thus, the interference ability of si-AK023391 was both effective and specific. CCK-8 and cell colony formation assays showed that the proliferation activity and colony formation ability of HGC-27, AGS, and SGC-7901cells showed significant decline after knockdown of AK023391 (Fig. [3b, c](#Fig3){ref-type="fig"}). Subsequently, the EdU assay was performed to assess the effect of si-AK023391 on DNA synthesis of HGC-27, AGS, and SGC-7901 cells. The results indicated that the DNA synthesis capability of these cells demonstrate a trend toward marked reduction by silencing AK023391 (Fig. [4](#Fig4){ref-type="fig"}).Fig. 3Knockdown of AK023391 inhibited cell proliferation and colony formation. **a** qRT-PCR analysis of the transfection efficiency of si-AK023391 in HGC-27, AGS, and SGC-7901 cells. **b** CCK-8 detection of cell proliferation activities of si-AK023391-transfected HGC-27, AGS, and SGC-7901 cells. **c** Analysis of cell colony formation capacity of si-AK023391-transfected HGC-27, AGS, and SGC-7901 cells. \**P* \< 0.05, \*\**P* \< 0.01 Fig. 4Knockdown of AK023391 inhibited DNA synthesis of gastric cancer (GC) cells. The EdU assay was used to observe the effects of AK023391 knockdown on DNA synthesis of HGC-27, AGS, and SGC-7901 cells. \**P* \< 0.05, \*\**P* \< 0.01

Knockdown of AK023391 suppresses the migration and invasion of GC cells {#Sec23}
-----------------------------------------------------------------------

The wound-healing and Transwell assays were further conducted to assess whether lncRNA AK023391affects the migration and invasion abilities of HGC-27, AGS, and SGC-7901 cells. The migration abilities of HGC-27, AGS, and SGC-7901 cells in the si-AK023391-transfected group showed significant decline after being wounded for 36 h (Fig. [5a](#Fig5){ref-type="fig"}) or being passed through the polycarbonate membrane for 24 h (Fig. [5b](#Fig5){ref-type="fig"}). Furthermore, the Transwell chamber (with Matrigel) assay demonstrated that the invasive potential of HGC-27, AGS, and SGC-7901 cells was also remarkably weakened in the si-AK023391-transfected group after being passed through the polycarbonate membrane coated with Matrigel for 24 h (Fig. [5c](#Fig5){ref-type="fig"}). These findings suggest that knockdown of AK023391reduced the migration and invasion abilities of GC cells.Fig. 5Knockdown of AK023391 inhibited migration and invasion of gastric cancer (GC) cells. **a**-**b** Cell migration abilities were respectively determined by the wound-healing assay and Transwell migration assay in si-AK023391-transfected HGC 27, AGS, and SGC-7901 cells. **c** The cell invasive potential was assessed by the Transwell invasion assay in si-AK023391-transfected HGC 27, AGS, and SGC-7901 cells. \*\**P* \< 0.01

Knockdown of AK023391 induces apoptosis and cell cycle arrest {#Sec24}
-------------------------------------------------------------

Flow cytometry analysis was performed to evaluate the effects of lncRNA AK023391 on apoptosis and cell cycle distribution of HGC-27, AGS, and SGC-7901 cells. The results indicated that the proportion of these cells in apoptosis was significantly increased after the silencing of AK023391 (Fig. [6a](#Fig6){ref-type="fig"}). Cell cycle distribution showed that the proportion of HGC 27, AGS, and SGC-7901 cells was increased in the G0/G1 phase, but decreased in the S phase in the si-AK023391-transfected group (Fig. [6b](#Fig6){ref-type="fig"}). These results reveal that knockdown of AK023391 induced GC apoptosis and cell cycle arrest.Fig. 6Knockdown of AK023391 induced apoptosis and cell cycle arrest. **a** Flow cytometry was used to detect the proportion of apoptotic cells in si-AK023391-transfected HGC-27, AGS, and SGC-7901 cells. **b** Flow cytometry analysis of the cycle distribution of si-AK023391-transfected HGC-27, AGS, and SGC-7901 cells. \*\**P* \< 0.01

Overexpression of AK023391 promotes the proliferation, colony formation, and invasion of GC cells {#Sec25}
-------------------------------------------------------------------------------------------------

Having verified the inhibitory effects of AK023391 knockdown in GC cells, we further constructed the pEX-3-AK023391 overexpression vector. This vector was transfected into the MGC-803 and BGC-823 cell lines with AK023391 low expression to evaluate the effects of AK023391 overexpression. First, the transfection efficiency of AK023391 overexpression was estimated by qRT-PCR analysis in MGC-803 and BGC-823 cell lines (Fig. [7a](#Fig7){ref-type="fig"}). The cell proliferation activities, colony formation capacity, and invasive potential were then assessed by CCK-8, colony formation, and Transwell assays. The results of these assays showed that the proliferation activities (Fig. [7b](#Fig7){ref-type="fig"}) and colony formation (Fig. [7c, d](#Fig7){ref-type="fig"}) of MGC-803 and BGC-823 cells were significantly increased after overexpression of AK023391. In addition, the cell invasive potential of MGC-803 and BGC-823 cells showed a trend toward a substantial increase following overexpression of AK023391 (Fig. [7e, f](#Fig7){ref-type="fig"}).Fig. 7Overexpression of AK023391 promoted cell growth and invasion of gastric cancer (GC) cells. **a** qRT-PCR analysis of the transfection efficiency of AK023391 in MGC-803 and BGC-823 cells. **b**-**d** Cell proliferation activity and colony formation capability were estimated by CCK-8 and colony formation assays, respectively, in AK023391-transfected MGC-803 and BGC-823 cells. **e**-**f** Cell invasive potential was assessed by the Transwell invasion assay in AK023391-transfected MGC-803 and BGC-823 cells. \*\**P* \< 0.01

LncRNA AK023391 is involved in the regulation of the PI3K/Akt signaling pathway {#Sec26}
-------------------------------------------------------------------------------

To identify key downstream signaling pathways that are regulated by lncRNA AK023391 and involved in GC progression, cancer pathway microarray analysis was conducted, using total RNA isolated from si-AK023391 and NC-transfected AGS cells. Based on a fold change \> 2.0 and a *P*-value \<0.05, about 113 upregulated genes and 315 downregulated genes were identified after AK023391 knockdown, in comparison to the NC (Fig. [8a](#Fig8){ref-type="fig"}). Enrichment of the downregulated coding genes that might be implicated in promoting carcinogenesis was analyzed, using the database for annotation, visualization, and integrated discovery (DAVID, <http://david.abcc.ncifcrf.gov/>). The Kyoto Encyclopedia of Genes and Genomes(KEGG) database (<http://www.genome.jp/kegg/>) was applied to analyze the possible biological pathways, in which there was significant enrichment of the genes downregulated by AK023391 knockdown. The KEGG analysis showed that the downregulated genes might be related to different signaling pathways, among which 10 of the most important enriched pathways were available (Fig. [8b](#Fig8){ref-type="fig"}). We also assessed the ability of the FOXO and PI3K/Akt signaling pathways to regulate AK023391. Interestingly, the gene ratio and enrichment score analysis showed that PI3K/Akt and FOXO signaling pathways, respectively had the most obvious enrichment among the pathways altered by AK023391 knockdown (Fig. [8c](#Fig8){ref-type="fig"}).Fig. 8LncRNA AK023391 was involved in the regulation of the PI3K/Akt signaling pathway. **a** Pathway expression profile analysis of differentially expressed coding genes caused by si-AK23391 in AGS cells. **b** KEGG enrichment analysis of the 10 most important enriched pathways involved in the regulation of AK23391 in gastric cancer (GC) cells. **c** Gene ratio and enrichment score analysis revealed that PI3K/Akt and FOXO signaling pathways, respectively, had the most obvious enrichment among the altered pathways induced by AK023391 knockdown. **d** Cluster analysis of the differentially expressed genes involved in the PI3K/Akt and FOXO signaling pathways, induced by AK023391 knockdown. **e**-**f** Western blotting validation of the effects of AK023391 knockdown on the expression of PI3K/Akt, NF-κB, p53, and FOXO3a pathways, and their downstream transcription factors c-myb, cyclinB1/G2, and BCL-6 in HGC 27, AGS, and SGC-7901 cells

Furthermore, the altered coding genes closely associated with these two enriched pathways that were affected by si-AK023391 were screened for cluster analysis (Fig. [8d](#Fig8){ref-type="fig"}). The results of this analysis revealed that some of the key genes associated with important pathways, such as *AKT*, *p53*, and *NF-κB*, and transcript factors, such as c-myb, cyclinB1/G2, and BCL-6 showed significant differential expressions between the si-AK023391 and NC groups and were involved in cancer progression. The results of the GO analysis showed that these genes, as downstream regulation elements, were implicated in the regulation of PI3K/Akt and FOXO signaling pathways (Additional file [6](#MOESM6){ref-type="media"}: Figure S2). Western blotting analysis further confirmed the changes observed in the expression of these genes in the PI3K/Akt and FOXO pathways of the si-AK023391 or NC-transfected HGC-27, AGS, and SGC-7901 cells. These findings indicate that knockdown of AK023391 downregulated the expression of phosphorylated PI3K (p-PI3K), p-Akt, p-NF-κB, c-myb, cyclinB1/G2, and BCL-6, but upregulated the expression of p-FOXO3a and p53 in HGC-27, AGS, and SGC-7901 cells (Fig. [8e, f](#Fig8){ref-type="fig"}). No significant differences in expression were evident for PI3K, Akt, NF-κB, and FOXO3a between the si-AK023391and NC groups.

Knockdown of lncRNAAK023391 inhibits tumor growth in vivo {#Sec27}
---------------------------------------------------------

To further explore whether lncRNAAK023391 influences tumor growth in vivo, we constructed si-AK023391 or NC stably transfected SGC-7901 cells that were then subcutaneously injected into the flank of nude mice. After 30 days, we found that the tumor volumes of si-AK023391-transfected SGC-7901 cells were significantly less than those of NC-transfected SGC-7901 cells (Fig. [9a](#Fig9){ref-type="fig"}). The xenograft tumor growth curve demonstrated that the tumors of the si-AK023391 transfected group grew much more slowly in a time dependent manner (Fig. [9b](#Fig9){ref-type="fig"}). Statistical analysis of tumor weight and volume on the final day of the experimental period, showed them both to be much lower in the si-AK023391-transfected group than in the NC-transfected group (Fig. [9c](#Fig9){ref-type="fig"}). In addition, IHC analysis was conducted to determine whether AK023391 affects the expression changes of Ki-67, p-FOXO3a, p-PI3K, p-Akt, and p-NF-κB in xenograft tumor tissues. The results showed that knockdown of AK023391 significantly downregulated the expression of Ki-67, p-PI3K, p-Akt, and p-NF-κB, but upregulated p-FOXO3a expression (Fig. [9d](#Fig9){ref-type="fig"} and Additional file [7](#MOESM7){ref-type="media"}: Figure S3). These results indicate that knockdown of AK023391suppressed GC growth via inactivation of the PI3K/Akt pathway.Fig. 9Knockdown of AK023391 inhibited tumor growth in vivo. **a** Schematic representation of the SGC-7901 xenograft tumor size after 30 d of tumor growth in the si-AK023391 and negative control (NC)groups. **b** Tumor growth curve of the SGC-7901 xenograft tumor growth tendency in the si-AK023391 and NC groups. **c** Statistical comparison of the differences in tumor weight and volume between the si-AK023391 and NC groups. **d** IHC analysis of the expression levels of Ki-67, p-FOXO3a, p-PI3K, p-Akt, and p-NF-κB in xenograft tumor tissues treated with si-AK023391 and in the NC group (original magnification, ×200). **e** LncRNA AK023391 promoted GC tumorigenesis and invasion through activation of the PI3K/Akt pathway that further activated NF-κB, inactivated FOXO3a, upregulated c-myb, cyclinB1/G2, and BCL-6, and downregulated p53 expression

Discussion {#Sec28}
==========

Recent studies indicate that lncRNAs play critical roles in tumorigenesis and metastasis of a variety of cancers \[[@CR29]--[@CR33]\]. They are significantly altered in GC tissues as evidenced by lncRNA expression profile analysis, and participate in multiple tumor biological processes. For example, *LINC00673* is upregulated in GC, and is associated with a poor prognosis in affected patients \[[@CR25]\]; and lnc00152 is involved in cell cycle arrest, apoptosis, EMT, migration, and invasion in GC \[[@CR34]\]. Moreover, lncRNA MALAT1 promotes GC tumorigenicity and metastasis by regulating angiogenesis \[[@CR20]\], indicating some of the important roles of lncRNAs in GC**.**

In the present study, we identified for the first time, to our knowledge, the novel lncRNAAK023391 through lncRNA expression profiling. Furthermore, we verified that it is upregulated in GC tissues and cell lines, suggesting a critical role of AK023391 in GC. Although FISH analysis with a tissue microarray indicated no association between AK023391 expression and the clinicopathological characteristics of 77 patients with GC, Kaplan--Meier analysis showed that high expression of AK023391 was positively correlated with poor survival in patients with GC. In addition, multivariate analysis revealed AK023391 expression as an independent prognostic factor for the OS of patients with GC.

Subsequently, functional in vitro and in vivo experiments were conducted to investigate the effects of AK023391 on GC cell growth and invasion. Our results showed that knockdown of AK023391 suppressed GC cell proliferation, colony formation, migration, invasion, and xenograft tumor growth, and induced apoptosis and cell cycle arrest, whereas overexpression of AK023391 promoted cell proliferation, colony formation, and invasion. Thus, our observations combined with clinical data strongly suggest that AK023391 might be an oncogenic lncRNA in GC.

The PI3K/Akt/FOXO and NF\--κB signaling pathways are constitutively activated in various cancers, including breast cancer, prostate cancer, GC, and pancreatic cancer \[[@CR35]--[@CR39]\], and result in cancer initiation and progression. Interestingly, a variety of lncRNAs regulate the activity of the PI3K/Akt signaling pathway in cancer. For example, Linc00152 promotes GC growth through activation of the epidermal growth factor receptor (EGFR)-dependent PI3K/Akt pathway \[[@CR40]\]; lncRNA BC087858 induces lung cancer invasion and drug resistance to EGFR through activation of the PI3K/Akt pathway \[[@CR41]\]; and MALAT1 accelerates cholangiocarcinoma progression through activation of the PI3K/Akt pathway \[[@CR42]\]. Our current study revealed that lncRNA AK023391 was localized mainly in the cytoplasm of GC tissue cells, suggesting that cytoplasmic AK023391 acted as a key mediator of signal transduction in GC. The cancer pathway array and western blotting analysis confirmed that the PI3K/Akt pathway and its downstream FOXO, NF-κB, and p53 pathways were involved in the regulation of AK023391 in GC tumorigenesis. Western blotting analysis showed that the expression levels of phosphorylated PI3K and Akt in the LncRNA si-AK023391 group were significantly reduced, but not total PI3K or Akt, indicating that the PI3K/Akt pathway might be involved in AK023391-induced tumorigenesis and invasion of GC through regulation of the phosphorylation level of PI3K/Akt pathway. The PI3K family can recruit and activate a number of proteins, including Akt, by generating second messenger lipid phosphatidylinositol (3,4,5)-triphosphate (PIP3). Then *AKT* encodes a serine/threonine kinase, and becomes activated through phosphorylation. This activation can further mediate the activation of target genes, and act a role in regulation of cell proliferation, survival, angiogenesis, invasion, and metastasis \[[@CR43]\].

Furthermore, the cancer pathway array, KEGG, and western blotting analyses were performed to identify the downstream transcription factors of the PI3K/Akt pathway, such as p53, c-myb, cyclinB1/G2, and BCL-6 that mediate the activity of AK023391 in promoting GC tumorigenesis. These transcription factors are known to be essential for tumor proliferation, apoptosis, and invasion \[[@CR44]--[@CR46]\]. They thus mediate the PI3K/Akt pathway to regulate apoptosis, proliferation, and invasion in GC and acute promyelocytic leukemia \[[@CR47], [@CR48]\]. Therefore, we speculated that lncRNA AK023391 promotes GC tumorigenesis and invasion through activation of the PI3K/Akt pathway. This activation might further activate NF-κB, inactivate FOXO3a, upregulate c-myb, cyclinB1/G2, and BCL-6 expression, and downregulate p53 expression, thereby promoting GC progression (Fig. [9e](#Fig9){ref-type="fig"}).

Conclusions {#Sec29}
===========

In summary, our findings demonstrate that lncRNA AK023391 promotes tumorigenesis and invasion of GC cells through activation of the PI3K/Akt pathway, and has the potential to act as a promising biomarker for survival in GC.
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